The authors report on a study of detecting ricin molecules immobilized on chemically modified Au ͑111͒ surface by chemomechanically mapping the molecular interactions with a chemically modified atomic force microscopy ͑AFM͒ tip. AFM images resolved the different fold-up conformations of single ricin molecule as well as their intramolecule structure of A-and B-chains. AFM force spectroscopy study of the interaction indicates that the unbinding force has a linear relation with the logarithmic force loading rate, which agrees well with calculations using one-barrier bond dissociation model. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3190197͔
The potency of abusing ricin as weapons for warfare prompted search for, and the development of, methods for fast and high sensitivity detection of this biological agent. 1 Recent years, numerous techniques have been developed as valid alternatives to traditional immunological methods. For example, a colloidal gold-based assay allows the detection of ricin in less than 10 min, 2 and hydrogel-based protein microchips 3 and array biosensors 4 provide the possibility of analyzing several toxins in the same sample. The maximum sensitivity of conventional and newly developed methods is in the order of magnitude of nanograms or picograms of toxin. However, a method that combines the capabilities of high sensitivity detection, single molecule interaction, and single molecular and intramolecular structure visualization is needed to get more insights into such bioprocess. With recent development of atomic force microscopy ͑AFM͒-based technologies, 5 nanoscale resolution images and piconewton sensitivity force measurements were realized that enable study of structure as well as molecule interaction of biological samples such as proteins, 6 nucleic acids, membranes, and cells 7 in their native environment. 5, 8 In this letter, we demonstrate a method to use AFM to detect the toxin protein molecule ricin at the single molecule resolution by chemomechanical mapping the specific antibody-antigen interactions with a chemically modified AFM tip ͓Fig. 1͑a͔͒.
To realize the specific recognition functionality, the ricin-antibody ͑antiricin͒ was coupled to the APM tip surface by polyethylene glycol cross-linker with one azide ending group and one thiol ending group, as shown in Fig. 1͑b͒ . Then ricin molecules were immobilized on the substrate by active ester, schematically illustrated by Fig. 1͑c͒ . The detailed protocols followed previous studies. [9] [10] [11] With the AFM tip and sample ready, the AFM chemomechanical mapping experiments were performed using Agilent picoTREC methods 6 ͓Fig. 1͑a͔͒. The spring constant of each of the modified AFM tip was calibrated before the experiment using small mass reduced resonant frequency changes. 12 Firstly we adopted a flow-cell technique 6, 9 to validate the technique. We began the experiment by scanning the ricin molecules immobilized on Au ͑111͒ surface using the antiricin modified AFM tip and then injected ricin solution ͑40 pg/ml͒ into the liquid cell to cap the antibody on tip surface. The real time changes of the recognition image shows that the recognition signal was completely abolished because the interactions were blocked by injected ricin, shown in Fig. 2 . These results clearly demonstrate that ͑1͒ the tip and substrate modifications are successful, ͑2͒ interaction between ricin and antiricin is specific and can be probed by AFM chemomechanical mapping, and ͑3͒ it provides a method toward specific detection of toxin ricin molecules with ultimate sensitivity as well as insights into how ricin binds to cell surface.
We then used this method to detect ricin molecules as well as probing the nanoscale molecular structure and single molecule interactions. Figure 3͑a͒ shows a large area topographic image of the ricin protein immobilized on Au ͑111͒ surface. Individual ricin molecules were clearly distinguished by comparing with the corresponding recognition image ͓Fig. 3͑b͔͒. Ricin molecules were found to be approximately uniformly distributed on the surface, which was expected because of the uniformly close-packed NHS ester ͑succinimidyl active esters͒ layer on the Au ͑111͒ surface. Besides, the underneath Au ͑111͒ terraces were also clearly shown in the topographic image ͓Fig. 3͑a͔͒, suggesting a better immobilization method. On the other hand, the lacking of Au ͑111͒ terraces in the recognition image ͓Fig. 3͑b͔͒ unambiguously indicates that the recognition is specific. Molecular modeling 13 yielded a three-dimensional model that shows the overall folding of the ricin A-chain is fully cona͒ Electronic mail: bxu@engr.uga.edu. served despite a few discrepancies due to the deletions and insertions between the secondary structures. However, a recent study 14 revealed that ligand binding will cause the ricin A-chain conformational change. We did find several different folded-up conformations of ricin molecules in our small area topographic image ͓Fig. 3͑c͔͒. Figure 3͑d͒ is the recognition image corresponding to Fig. 3͑c͒ , which is used to decide if the bright dot in Fig. 3͑c͒ is indeed a ricin molecule. Among these different conformations, we focused on one single ricin molecule that has a "native" conformation, with the A chain and B chain clearly resolved in the topographic image ͓Fig. 3͑e͒, recognition image is shown in Fig. 3͑f͔͒ , matching the molecule structure ͑the A chain is shown in blue and the B chain in orange͒ very well. Therefore, we demonstrated that using the delicate AFM chemomechanical mapping with our tip modification and surface modification protocols, we were able to resolve not only single molecules but also intramolecule structures. However, the sizes ͑ϳ20 nm in diameter͒ measured by AFM, is about twice the size of about 10ϫ 10 ϫ 10 nm 3 crystal structure determined by x-ray crystallography. 15 This can be explained by tip broadening effect 16 and compression of the molecules due to the applied force. 17 We finally studied the interaction process between antiricin and ricin by measuring the unbinding force of the bond ͓Fig. 1͑a͔͒. To minimize the problems of misorientation, steric hindrance, and conformational changes, we used longer flexible cross-linkers of about 20 nm PEG 2000 ͑com-pared to ϳ8 nm by Hinterdorfer et al. 18 ͒ to couple the antibody to the gold-coated AFM tip. The main source of error in single molecule force spectroscopy came also from the nonlinear elasticity during the stretching of the polymer crosslinker. 19 Researches tried to reduce it by adopting the different force loading rate in data analysis, 20 namely, nominal loading rate and instantaneous loading rate, 20 ,21 of which we adopted the latter. Figure 4͑a͒ shows some typical force curves. Figure 4͑b͒ shows the constructed force histograms from about 3000 force-distance curves for each loading rate, in which the Gaussian-fitted peak values represent the most probable unbinding force. The corresponding instantaneous loading rates from the statistical analysis ͓Fig. 4͑d͔͒ were used for drawing the correct kinetic information for the force studies. The measured 25 to 80 pN unbinding forces agree with the unbinding force between antibody and antigen. 22 The linear relationship of unbinding forces and logarithmic loading rates ͓Figs. 4͑c͔͒ indicates that binding dissociation is a one-barrier dissociation process. 23, 24 Further, to get barrier length x, we fitted the relation between the unbinding force and logarithmic loading rate 3 . ͑Color online͒ AFM topography ͑a͒, ͑c͒, and ͑e͒ and recognition ͑b͒, ͑d͒, and ͑f͒ of ricin molecules immobilized on Au ͑111͒ surface. Single molecule resolution was resolved with Au ͑111͒ terraces underneath clearly seen in large area ͑1300ϫ 1300 nm 2 ͒ topography image ͑a͒ but not seen in the corresponding recognition image ͑b͒. Small area images ͑c͒ and ͑d͒ show that the ricin protein on the surface fold up to form different shapes, some of which even clearly show two chains ͑e͒ and ͑f͒. according to Eq. ͑1͒, 25 and the slope s was determined to be around 8.54 pN, shown in Fig. 4͑c͒ .
where kT is the thermal energy, F ‫ء‬ is the most probable rupture force, and r is the force loading rate. From Eq. ͑1͒ the barrier length x was determined to be 0.46 nm according to x = kT / s. This is a bit bigger than most of the reported barrier length of 1.5ϳ 3 Å ͑Ref. 26͒ that could be resulted from the nonlinear elasticity, limited force sensitivity, and the variation of the barrier length with the size of hydrophobic ricin molecule ͑10-20 nm͒. 19 However, the dissociation rate at zero force k d ͑0͒ estimated from the intercept of the fit line in Fig. 4͑c͒ , k d ͑0͒ = 1.43ϫ 10 −3 s −1 , was quite reasonable for antibody-antigen complex, though it would also carry with errors originating from the slope fitting process, nonlinear character of the cross-linker, etc. 27, 28 In summary, we demonstrated a method to use AFM chemomechanical mapping to specifically detect ricin molecules at the single molecule resolution.
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